Photon detection efficiency is a key parameter of PMTs in high-precision neutrino and dark matter experiments, while most of these experiments are focus on quantum efficiency. More and more experiments are trying to know the detection efficiency for the simulation of the detector such as JUNO. In order to have a good understanding on photon detection efficiency of the large-area PMT , we conducted a detailed comparison of the relative collection efficiencies of a series of dynode PMT with different sizes and collector structures. This study is based on the tests of relative quantum efficiency and relative detection efficiency with cross check by several light intensities. The testing and results will be discussed.
Photomultiplier tube (PMT) is an important sensor to count photons and to measure parameters in particle physics experiments. Photon detection efficiency (DE) of PMT is always a key parameter for detector response while DE is a comprehensive effect of quantum efficiency(QE) and collection efficiency (CE) [1] , and incident photons with wavelength, area, angle and environment. As known, Quantum efficiency is defined as the process of incident photons that are converted into photoelectrons on the photocathode of PMT through photoelectric process. Then, with the effect of electric field, the photoelectrons are collected by the collector and multiplied by following dynodes where CE is defined to describe the collection fraction. The higher the quantum efficiency and the collection efficiency, the higher detection efficiency and more photoelectrons can be detected. The DE also depends on the PMT structure and the voltage divider [2] .
The number of incident photons are difficult to be measured precisely till now and the CE is also hard to measure directly as an internal process. According to the current running and proposed experiments, QE is calibrated by Borexino [3] , Daya Bay [4] [5] and XENON1T [6] to simulate and guarantee the response of detector, while Double Chooz [2] and IceCube [7] were focusing on the photon detection sensitivity. Double Chooz adopted a relative method to compare the anode signal to a reference tube where CE is 0.9 provided by manufacturer [2] . IceCube applied a calibrated Photodiode to monitor the photon flux and to obtain the relative photon DE of testing tubes [7] .
In Daya Bay, 8 inches tubes were used and the QE is measured by the light from a lens and mirror system to cover the whole photocathode [5] . JUNO is a multi-purpose experiment to measure neutrino mass hierarchy with reactor antineutrinos, as well as supernovae, geo-neutrino and atmospheric neutrino and so on [8] . In order to achieve the key physics goals of JUNO, vis E / % 3 energy resolution is the essential requirement [9] [10] , where 20 thousands 20 inches large-area PMTs, the key sensor in the detector, will be used where DE needs to be better understanding for better detector prediction. While, so far there is no an appropriate method to define and measure the DE of large-area PMTs, which depends on the size and incident angle of light, the parameterization of Mento Carlo simulation. To study the effective response of PMTs and predict the energy response of JUNO central detector, here we are trying to measure CE and QE of PMTs with point light in details to have a better understanding to DE. Hamamatsu Photonics and HZC Photonics have developed a series of dynode PMTs with different size and collection dynode, and it is worth to mention that Hamamatsu 20'' R12860 and HZC 3'' XP72B22 will be used in JUNO.Totally 7 different tubes have been tested to study and compare the relative CE, where the collecting dynodes are very different among the PMTs and more details are described in the Table. 1 and Fig.1 . 
System setup
The radiant sensitivity and cathode blue sensitivity are normally used to describe the QE of PMT and they were used by XENON 100 dark matter experiment to calibrate the absolute QE [11] . A relative test to PD with known QE is also a common method to measure QE of PMT [12] . And the pulse height distribution (PHD) of single photoelectron was measured to get the CE of MCP tube [13] . In this paper, point light of 420 nm is adopted and we designed a relative system with a reference tube to obtain the relative QE. At the same time, we set up a system to get average photoelectron considering Poisson distribution to evaluate light intensity proportional to DE and also to avoid non-linearity effect for strong light intensity. The ratio of relative DE and QE is defined as the relative CE of PMT.
PMTs are really sensitive to the wavelength of incident light and most tubes are response to the wavelength from 300 nm to 700 nm. In our test, a given wavelength 420 nm is considered. Besides, the different glass shape requires the incident light spot as small as possible and in vertical to the surface to avoid incident angle effect and electronic field non-uniformity. This configuration is used for the following tests. For further checking, more than one light intensities for QE and relative DE measurements have been implemented to cross check the uncertainty.
Quantum efficiency
The block diagram of QE test system is shown in Fig.2 . A light emitting diode (LED) is used to fire the PMT and a Keithley 6485 picoammeter is used to measure the Cathodic Direct Current (DC)from the photocathode to the first dynode which shorted with all the other dynodes. The LED and testing PMT are put in a dark box with magnetic shielding. The driver of LED is a generator, which provides the driving voltage to generate pulse light with a fast pulse. The light spot diameter of the LED is set to approximate 3 mm with a focus lens and Vertical incident to the center of the glass, where the LED touches the glass to avoid angle uncertainty. The picoammeter, controlled by another computer, will automatically supply a series voltages to simulate the collection setting, and also measure the current.
For QE, relative measurements to a reference tube is used here. Hamamatsu Photonics has developed a new serial of PMT, R12860, which is stated for high quantum efficiency. R12860-EA0073, the reference tube here, is calibrated with different wavelength by the manufacture and our laboratory, and its QE vs. light wavelength is shown in Fig. 3 . Particularly, the QE of tube EA0073 is 25.8% with relative 3% uncertainty at wavelength of 420 nm. In our design, the 20'' tube R12860-EA0073 is the reference tube which will be tested firstly, then the candidate tube will be tested secondly to avoid instability of the system. The tubes will be tested with the collection voltage from 0 to 800 V in 50 V step. Data acquisition time for each HV point is 5 seconds and collection one measure one second. The averaged value of the five points is defined as the dark current or light current. After subtracting the dark current, we will obtain the current of each HV. Totally 3 light intensities with different LED driving voltage and duty cycle are tested where the duty cycle is the time ratio of the LED driving voltage on to off. The higher driving voltage and duty cycle of LED, the higher light intensity.
These configurations are selected to satisfy the measurement for different tube and dark current noise level. Here driving voltage(2.9 V) -duty cycle(10%), 2.875 V-25% and 2.85 V-50% are measured for the candidate and reference tubes.
The testing of candidate tubes is following the same procedure as the reference tube R12860-EA0073, which has described above. Generally, for a constant incident light intensity, the current increases following the HV increasing because of the collecting efficiency effect. It is obvious that the plateau is stable when HV is higher than 400 V where the current is calculated by the average from 400 V to 800 V. 1.27 nA, 2.10nA and 2.82nA are corresponding to the calculated current of 2.9V -10%, 2.875V-25% and 2.85V-50% of R12860-EA0073 in Fig. 4 where the plateau curve of R12860-EA0073 and XP72B22 are shown. With Formula (1), QE of XP72B22 can be obtained as presented in table.2. 
Relative photon detection efficiency
The relative photon detection efficiency testing system, shown in Fig.5 , is based on the charge measurement with QDC measurement (CAEN V965). The generator is controlled by computer to generate a pulse with 1 kHz frequency and 20 ns width to drive the LED as light source, where the light is split into two by fiber to fire the monitoring and testing PMTs. The diameter of the final light spot with 420 nm wavelength is about 1 mm and incident to the center of PMTs' photocathode vertically. In order to monitor the light stability, a 3" tube XP72B20 is used as monitoring tube. All the tubes are tested with magnetic shielding. The output anode signal is input to the QDC with 300 ns gate synchronized with the driving pulse, converted into charge and record by a computer [14] . The charge constant of the QDC is 25 fC/channel.
Considering the whole process of photoelectric effect on photocathode and photoelectrons' collection by the first dynode, the signal distribution from the anode follows the Poisson distribution illustrated as:
Where  is the mean photoelectrons collected by the dynode, which can be calculated by the signal count, and ) , (  n P is the probability that n photoelectrons will be observed when their mean is  . In other words, if we have a stable light as input,, the ratio of mean photoelectrons from the candidate and reference tubes is proportional to the DE ratio. The tubes need to be cooled down and working at 1E7 gain, where the dark count rate needs to be stable and will be subtracted and considered for the uncertainty during the measurements to avoid coincidence bias. A time-dependence dark count rate of XP72B22 is shown in Fig.6 . After 90 minutes, the dark count is stable to meet the requirement of variation <1% (relative) bias. A threshold at 0.25 p.e are selected to obtain the count of signal. The reference tube for DE measurement need to be tested before and after each candidate tube to check the system stability. We select a smaller tube (R12199) as the reference tube instead of 20'' R12860-EA0073, it is more convenient to save time and make the testing system more stable. Taking the reference tube R12199 as an example, we set its operating HV at 1230V for 1E7 gain. The mean of pedestal in charge spectrum is 1325 channel, and the threshold of 0.25 p.e. is 1341 channel. To double check the system and validate the effect of dark count, several light intensities were tested listed in LED driving configuration 0V-1K-0.002% (driving voltage-frequency-duty cycle ), 4.5V-1k-0.002% and 4.7V-1k-0.002% and the measured charge spectrum are depicted in the lift of Fig.7 , where the driving voltage and duty cycle have been described in section2.2. The statistics of pedestal, signal and mean photoelectrons are listed in the Table. 3. The mean photoelectron is the calculated number subtracted with dark count. XP72B20 is used to monitor the stability of light intensity to correct the variation of light intensity. The data of XP72B22 is shown as an example comparing to R12199 including the monitoring tube XP72B20 in 
Relative CE of different tubes
All the tubes are measured with LED configurations: 2.900V-10%, 2.875V-25%, 2.800V-50% and without light (dark current) to get QE. The measured QE is calculated from the averaged DC comparing to the reference tube, which also checked with the vendor QE as listed in Table. 4, showing consistent results. All the measured QE of all the tested tubes are listed in Table. 5. 
